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A challenge to theory 1) of Stavanger

®| A wealth of high precision data on both flavors from RHIC and LHC
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®| Goal: provide first principles interpretation to intricate phenomenology
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Selected theory goals LS of Stavanger
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Properties of equilibrium QQ

Robust in-medium masses
from lattice NRQCD

with S.Kim, P. Petreczky:
JHEP 1811 (2018) 088
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Properties of equilibrium QQ

Robust in-medium masses
from lattice NRQCD

with S.Kim, P. Petreczky:

In-medium QQ potential JHEP 1811 (2018) 088
Improved extraction from
realistic lattice QCD

Novel parametrization of V(R)
for use in phenomenology

with P. Petreczky, J. Weber: NPA982 (2019) 735
with D. Lafferty arXiv:1906.00035
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Selected theory goals LS of Stavanger
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Real-time QQ evol. in local Properties of equilibrium QQ

thermal equilibrium Robust in-medium masses

from lattice NRQCD
Beyond Schrodinger:

Open-quantum-systems In-medium QQ potential

Lindblad equation Improved extraction from

Connecting OQS to realistic lattice QCD

EFT language of potential Novel parametrization of V(R)
for use in phenomenology
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Heavy quarks in lattice QCD 1) of Stavanger

T A
® Exploit — <1, =22

<1 to treat heavy quarks non-relativistically
mq mgq

NSSSSNSSNNS.

Lattice QCD simulation with QQ
still too costly for bottom quarks
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Heavy quarks in lattice QCD LS of Stavanger

Aqcp

: T
u| Exploit — <1,

<1 to treat heavy quarks non-relativistically

mq mgq B
QQ in NRQCD effective theory
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Lattice QCD simulation with QQ Lattice QCD simulation without QQ
still too costly for bottom quarks

%! Lattice Non-Relativistic QCD (NRQCD) well established at T=0, applicable at T>0

=) systematic expansion of QCD action in 1/mga thacker, Lepage Phys Rev. D43 (1991) 196208

=/ our implementation uses O(1/(mya)*) and leading order Wilson coefficients
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Heavy quarks in lattice QCD LS of Stavanger

T A
= Exploit —-<1 I?;D

<1 totreat heavy quarks non-relativistically
QQ in NRQCD effective theory

(L L L L L L LT/

Lattice QCD simulation with QQ Lattice QCD simulation without QQ
still too costly for bottom quarks

¥} Lattice Non-Relativistic QCD (NRQCD) well established at T=0, applicable at T>0

=) systematic expansion of QCD action in 1/mga thacker, Lepage Phys Rev. D43 (1991) 196208

=/ our implementation uses O(1/(mya)*) and leading order Wilson coefficients

B Realistic N=2+1 HISQ lattices for the QCD medium by HotQCD "o Pross Fo12) 054505

PRD90 (2014) 094503

m,=161MeV T=[140-407 ] MeV mya=[2.759-1.559] use adaptive step size to

= T=0:N,=32-64 T=[140-251]MeV m.a=[0.757 —0.427] stabilize NRQCD expansion
T>0: 483x12
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The direct reconstruction challenge LS S

H| Lattice QCD simulations are similar to a (very) imperfect detector
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Quarkonium spectral function
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The direct reconstruction challenge LS S

H| Lattice QCD simulations are similar to a (very) imperfect detector

p(w) Log[D(T)]
% T~0
Jy ¢
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w
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Quarkonium spectral function Euclidean time correlation function
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The direct reconstruction challenge LS S

H| Lattice QCD simulations are similar to a (very) imperfect detector

p(w) Log[D(T)]
% T~0
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D/D thresh. -
>0
w
g >
> T
Quarkonium spectral function Euclidean time correlation function

m| Extraction of spectra ill-posed unfolding problem: here via Bayesian inference
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QUARKONIUM THEORY ' _
The direct reconstruction challenge LS S

H| Lattice QCD simulations are similar to a (very) imperfect detector

p(w) Log[D(T)]
% T~0
Jy ¢
D/D thresh. -
>0
w
g >
> T
Quarkonium spectral function Euclidean time correlation function

m| Extraction of spectra ill-posed unfolding problem: here via Bayesian inference

m| Access to Euclidean time diminishes as T increases - different artifacts as @ T=0
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B ayesian S pectral reconstruction LS of Stavanger
®| [|nversion of Laplace transform required — highly ill-posed

D(r) = [ dwep(w)

—2mg
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Baye3|an spectral reconstruction LS of Stavanger

®| [|nversion of Laplace transform required — highly ill-posed

N,
D; = E Aw e_w’Tip/
/=1

1. N, parameters p, >> N. datapoints
2. data D, has finite precision
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QUARKONIUM TI-.lEORY . University
Baye3|an spectral reconstruction LS of Stavanger

®| [|nversion of Laplace transform required — highly ill-posed

N,
D; = E Aw e_w’Tip/
/=1

1. N, parameters p, >> N. datapoints
2. data D, has finite precision

®| Regularize this task using prior information — Bayes introduces prior P[p|l]=exp[S]

M. Jarrell, J. Gubernatis, Physics Reports 269 (3) (1996)

p. IIPplT]  SFLIDI

Plp|D,I] < P[D
dp p=p"R
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QUARKONIUM TI-.lEORY . University
Baye3|an spectral reconstruction LS of Stavanger

®| [|nversion of Laplace transform required — highly ill-posed
N

D; = Z Aw;e “"p
I=1

1. N, parameters p, >> N. datapoints
2. data D, has finite precision

®| Regularize this task using prior information — Bayes introduces prior P[p|l]=exp[S]

M. Jarrell, J. Gubernatis, Physics Reports 269 (3) (1996)
PlpID. 1) o P[Dp, I|P[p|1]  SEPRA}

dp p=pBR
=i BR prior enforces: p positive definite, smoothness of p, result independent of units

Y.Burnier, A.R. p p
PRL 11i (2013)'18, 182003 SBR = & / dw (1 o —|_ log|: j|)

m m
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Baye3|an spectral reconstruction LS of Stavanger

®| [|nversion of Laplace transform required — highly ill-posed
N

D; = Z Aw;e “"p
I=1

1. N, parameters p, >> N. datapoints
2. data D, has finite precision

®| Regularize this task using prior information — Bayes introduces prior P[p|l]=exp[S]

M. Jarrell, J. Gubernatis, Physics Reports 269 (3) (1996)
PlolD. 1] < P[DIp, IP[plT] 22D

dp p=pBR
=i BR prior enforces: p positive definite, smoothness of p, result independent of units

Y.Burnier, A.R. p p
PRL 11i (2013)'18, 182003 SBR = & / dw (1 m —|_ log|: j|)

m m

=i BR prior: better accuracy in sharp peak structures than MEM or BG but prone to ringing
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BayeS|an spectral reconstruction LS of Stavanger

®| [|nversion of Laplace transform required — highly ill-posed
N

D; = Z Aw;e “"p
I=1

1. N, parameters p, >> N. datapoints
2. data D, has finite precision

®| Regularize this task using prior information — Bayes introduces prior P[p|l]=exp[S]

M. Jarrell, J. Gubernatis, Physics Reports 269 (3) (1996)
PlpID. 1) o P[Dp, I|P[p|1]  SEPRA}

dp p=pBR
=i BR prior enforces: p positive definite, smoothness of p, result independent of units

Y.Burnier, A.R. p p
PRL 11i (2013)'18, 182003 SBR = & / dw (1 o —|_ log|: j|)

m m
=i BR prior: better accuracy in sharp peak structures than MEM or BG but prone to ringing

2
Tt gsmooth _ / do((x (@) +1-2 4 0g£])

PRD98 (2018) 014009 aw m m
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Baye3|an spectral reconstruction LS of Stavanger

®| [|nversion of Laplace transform required — highly ill-posed
N

D; = Z Aw;e “"p
I=1

1. N, parameters p, >> N. datapoints
2. data D, has finite precision

®| Regularize this task using prior information — Bayes introduces prior P[p|l]=exp[S]

M. Jarrell, J. Gubernatis, Physics Reports 269 (3) (1996)
PlpID. 1) o P[Dp, I|P[p|1]  SEPRA}

dp p=pBR
=i BR prior enforces: p positive definite, smoothness of p, result independent of units

Y.Burnier, A.R. p p
PRL 11i (2013)'18, 182003 SBR = & / dw (1 o —|_ log|: j|)

m m

=i BR prior: better accuracy in sharp peak structures than MEM or BG but prone to ringing
C.Fischer, J. Pawlowski Gp 2 P P

Pﬁ.gé,sc.'Welzbacher ’ SEI‘IT-%OOth = / dw <K, (—) —|— ]_ —_— —|_ log |:_]>
(2018) 014009 aw m m

=i Application of different approaches improves understanding of regularization artifacts
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NRQCD Euclidean correlators
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Euclidean time

Non-rel. propagator of

a single heavy quark G
Davies, Thacker Phys.Rev. D45 (1992)
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NRQCD Euclidean correlators

—
>

=

Euclidean time

B
5%

Non-rel. propagator of QQ propagator
a single heavy quark G Projected to a certain channel

Davies, Thacker Phys.Rev. D45 (1992) correlator of QQ wavefct
Dyy(T) 2 <y, (MyTy, (0)>°

Brambilla et. al. Rev.Mod.Phys. 77 (2005) 1423
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NRQCD Euclidean correlators (1) of Stavanger

100 T T T T [3-6| o6a |-}I-| ]
" n=4 bottomonium 3S; e ]
105 255530 =0 shifted in'y Ezgggg x h
B=6.880 HEH ]
=6.950 HEH 1
Ta = 1010 =7.030 +&+ ]
3 B=7.150 @~ ]
= B=7.280 +&-
8 1015 B=7.373 +A- ]
B=7.596 -7 ]
i B=7.825 ]
GEJ 1020 ]
c -25 : 1 1 7A ] 1 1 ]
s » 10 0 1 2 3 4 5 6 7
g T [fm]
(&) 102 T T T T T T T
S T=140MeV HHT=173MeV +@-T=223MeV -
L N T=145MeV HET=178MeV +A-T=251MeV +&-
Q 10° % T=151MeV H¥AT=185MeV +A-T=273MeV -8 7
I T=155MeV HEHT=192MeV +7T=333MeV
100 [ T=160MeV HBHT=199MeV ~¥-T=407MeV %+ |
= . { T=166MeV +o-T=212MeV +&-
% 101 F ){/‘- n=4 bottomonium 3S;
= e %& T>0
w02k 5 F e e 1
i ++09.e. ® w% .
103 ++ﬁge’9.'§w x ]
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Davies, Thacker Phys.Rev. D45 (1992) . . .
,correlator of QQ wavefct. Euclidean correlation functions at
DJ/qJ(T) = <l‘IJJ/lp (T)q—’TJ/Lp (0)> T=0 and T>0

Brambilla et. al. Rev.Mod.Phys. 77 (2005) 1423
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Correlator ratios ( T>0vs T=0)

raw lattice NRQCD results
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Correlator ratios ( T>0vs T=0)

raw lattice NRQCD results
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University
of Stavanger

®| In-medium modification hierarchically ordered with vacuum binding energy
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Correlator ratios ( T>0 vs T=0) 1) of Stavanger

raw lattice NRQCD results

Correlator ratio approximated
O T T T vl e from the lattice potential
(D 1.12 g;4_|tgggomonlum T=151MeV g -
1 T=160MeV
— 11 L Y(lS) T=173MeV HlH 1.2 . - . . T .
- — : T=185MeV ==+ T=0(reg) =——t— charmonium pNRQCD,
i O\l: 1.08 T=199MeV +@- To147MeV X manual cutoff selection
T 1.08 T=223MeV T Tiarie
,L 'a 1.75%@407MeV  t-simev 85 115 F 1=155Mev % o
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®| In-medium modification hierarchically ordered with vacuum binding energy

m| Upward bend compatible with lower in-medium mass (also seen in previous studies)
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Lattice NRQCD spectral functions LS S

bb S-wave T=0 spectra bb S-wave T>0 spectra
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Lattice NRQCD spectral functions LS S

bb S-wave T=0 spectra bb S-wave T>0 spectra
12 T T T T T T 12 T T T T T T
B=6.664 —— T=140MeV —T=192MeV
ol B=6.740 —— | T=145MeV —T=199MeV
35, bottomonium B=2ggg — 10 - Figémex —Fggmex 7
= = =6. — = e s T = e —
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o B=7.150 % | T=173MeV — T=333MeV —
3o s — 1 Sep| | e
g B=7.373 kst ‘
4tk B=7.596 | ‘ \ )
4 ‘ //‘): 35, bottomonium
i ) F2A W\ n=4 BR T>0
2 L X
H | IR
0 J A
9 10 11 12 13 14 15 16
w [GeV]
9.64 7 T T T T T
9.62 | PDG m= F
96 F BRT=0 + J
958  BRT=Otrunc. M il
& 956 | BRT>0 A i =
[e2}
> 954 T
E 952 ‘ o 4 -
9.5 | [ | i
gu , 44
9.48 | n A .
P
140 160 185 223 251 333 407
6.66 6.80 6.95 7.15 7.28 7.60 7.83

T[MeV]/B

®| Crucial step: defining correct T=0 baseline in presence of methods artifacts
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Lattice NRQCD spectral functions LS S

bb S-wave T=0 spectra bb S-wave T>0 spectra
12 T T T T T T 12
B=6.664 —— ' ' T=140MeV —T=192MeV
i B=6.740 —— | T=145MeV =——T=199MeV
10 35, bottomonium B=6.800 —— 10 T=151MeV —T=212MeV .
> _ = N T=155MeV —T=223MeV —
n=4 BRT=0 p=6.880 —— T-100MeV —T=251MeV —
8 T=166MeV —T=273MeV — ]

| T=173MeV —T=333MeV —
T=178MeV T=407MeV =—
T=185MeV T

\)
/l‘\: 33, bottomonium |
LLA

X\ \ n=4 BR T>0
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o
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96 I BRT=0 + L AALa
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140 160 185 223 251 333 407
6.66 6.80 6.95 7.15 7.28 760  7.83 T[MeV]
T[MeV]/B

®| Crucial step: defining correct T=0 baseline in presence of methods artifacts

B For the first time consistent negative in medium mass shifts — ordered by E,; 4
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University

How to improve in the future? (1) of Stavanger

B | [attice community favorite strategy: more simulations @ smaller lattice spacing?

T T T T T T T T
100 NRQCD TA:/(I)Dr_nf(;:-E ------ . 100 NRQCD T:O mOC_E ------ .
..@ AID=102 —— ﬁfg;ig-z —_—
n 10 A/D=10"% = 10 A/D=10"3 =
o] - A/D=1074 - A/D=10"4 e
l_ 3 1 2
) 3 !
= 3 3
o g 0.1 g 0.1
S ooyl F% N E 4 0.01
0.001 0.001
0.5 1 15 2 2.5 3 35 4 0.5 1 15 2 25 3 35 4

B | No significant improvement of bound state reconstruction on finer lattices
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University

How to improve in the future? (1) of Stavanger

B | [attice community favorite strategy: more simulations @ smaller lattice spacing?

T T T T T T T T
100 NRQCD T=0 moc_li """ 4 100 NRQCD T=0 mock =====: i
n A/D=107 AD=10"1
+— A/D=1072 —— A/D=102 =
(Vp] 10 A/D=1O:4 — 10 A/D=1073 e
o] - A/D=10" e - A/D=10"
=3 :
8 L 3 1
= 3 3
(&) g 01 s 01
o R rY T
> o01¢f ¢ L HH E 0.01
0.001 0.001
0.5 1 15 2 2.5 3 35 4 0.5 1 15 2 25 3 35 4

B | No significant improvement of bound state reconstruction on finer lattices

B | Reached the onset of exponential difficulty: progress needs conceptually new ideas
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QUARKONIUM THEORY _ _
The real-time interquark potential LS S

LT A
5 Exploit — <1, =2

<1 to treat heavy quarks non-relativistically
mg mg

e

Q©
Q
Q&

QCD NRQCD PNRQCD
Dirac fields Pauli fields Singlet/Octet

QAx),Ax) ¥ x.x ¥s(R. t), Yo(R, t)

0 (s (15 (0)) = (VAP (R) + O(mg") + O(R, 1)) (b (£ (0))

e @

¥

o®
%

mechanics

Relativistic T>0
field theory
Quantum
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QUARKONIUM THEORY _ _
The real-time interquark potential LS S

T A
5 Exploit — <1, =2

<1 to treat heavy quarks non-relativistically
mg mg

oo

Q©
Q
Q&

QCD NRQCD PNRQCD
Dirac fields Pauli fields Singlet/Octet

QAx),Ax) ¥ x.x ¥s(R. t), Yo(R, t)

0 (s (15 (0)) = (VAP (R) + O(mg") + O(R, 1)) (b (£ (0))

e @

Py

o®
%

mechanics

Relativistic T>0
field theory
Quantum

® V(R) is lowest term in a systematic velocity v=p/m expansion
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QUARKONIUM THEORY _ _
The real-time interquark potential LS S

T A L
5 Exploit — <1, == <1 to treat heavy quarks non-relativistically
Q Q

o
N P 0
Z %‘ §§Q§Q QCD NRQCD pPNRQCD g 2
7E 0O o Dirac fields Pauli fields Singlet/Octet = g
2z HO2 - i 3=

0 (s (15 (0)) = (VAP (R) + O(mg") + O(R, 1)) (b (£ (0))
| V(R) is lowest term in a systematic velocity v=p/m expansion

H| Matching to underlying QCD in the infinite mass limit: Wilson loop
(Ps(R, t)¥s(R,0))pnrqed = Wa(R, t) = <Tr [exp (—ig/D dx“A,,,(x))]>
QCD

At R

Ll
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QUARKONIUM THEORY _ _
The real-time interquark potential LS S

T A L
5 Exploit — <1, == <1 to treat heavy quarks non-relativistically
Q Q

s\) P OQ & = g
2 &Poe QCD NRQCD pPNRQCD Es
- 9 © Dirac fields Pauli fields Singlet/Octet c g
> 35 & ® S ©
g _ &
x

0 (s (15 (0)) = (VAP (R) + O(mg") + O(R, 1)) (b (£ (0))
| V(R) is lowest term in a systematic velocity v=p/m expansion

H| Matching to underlying QCD in the infinite mass limit: Wilson loop
(Ps(R, t)¥s(R,0))pnrqed = Wa(R, t) = <Tr [exp (—ig/D dx“A,,,(x))]>
QCD

®| Wilson loop: potential emerges at late times 1t R

L i@tWD(R,t) I:I
viR) = i S 04—o3
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QUARKONIUM THEORY _ _
The real-time interquark potential LS S

T A L
5 Exploit — <1, == <1 to treat heavy quarks non-relativistically
Q Q

s\) P OQ & = g
2 &Poe QCD NRQCD pPNRQCD Es
- 9 © Dirac fields Pauli fields Singlet/Octet c g
> 35 & ® S ©
g _ &
x

0 (s (15 (0)) = (VAP (R) + O(mg") + O(R, 1)) (b (£ (0))
| V(R) is lowest term in a systematic velocity v=p/m expansion

H| Matching to underlying QCD in the infinite mass limit: Wilson loop
(Ps(R, t)¥s(R,0))pnrqed = Wa(R, t) = <Tr [exp (—ig/D dx“A,,,(x))]>
QCD

®| Wilson loop: potential emerges at late times 1t R

Y iatWD(th) I:I
VIR)= i, T r ey <G 06—
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QUARKONIUM THEORY _ _
Non-perturbative evaluation of V(R) LS of Stavanger

®  How to connect to the Euclidean domain: spectral functions

(0. @) O

WI:I(R> t) — J dw e—iwt pl:l(R) (U) WI:I(R> T) — J’ dwe @7 pl:l(R> (U)

—00 —O0
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QUARKONIUM THEORY _ _
Non-perturbative evaluation of V(R) LS of Stavanger

®  How to connect to the Euclidean domain: spectral functions

(0. @) O

WI:I(R) t) — J dw e—iwt pl:l(R) (U) WI:](R> T) — J’ dwe " pl:I(R> (U)

—00 — 00

Spectral Decomposition

VRCD (R — i J=go 4@ P0(R @)
% T dwe 1 po(R, w)
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QUARKONIUM THEORY _ _
Non-perturbative evaluation of V(R) LS of Stavanger

®  How to connect to the Euclidean domain: spectral functions

(0. @) O

WI:I(R) t) — J dw e—iwt pl:l(R) (U) WI:](R> T) — J’ dwe " pl:I(R> (U)

—00 — 00

Spectral Decomposition

VRCD (R — i J=go 4@ P0(R @)
% T dwe 1 po(R, w)

L Yo well defined V(R)
if low lying Breit-
Wigner present in
Wilson loop
I|”||. S spectral function

9
V(R) = wo(R) — iTo(R)

Po(R,w)
>

o
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QUARKONIUM THEORY _ _
Non-perturbative evaluation of V(R) LS of Stavanger

®  How to connect to the Euclidean domain: spectral functions

Wh(R,t) = J dwe " po(R, w) Wn(R, 1) = J dwe “" pg(R,w)
Spectral Decomposition Spectral Reconstruction

e —iwt
VQCD (R) — fim 3 30 @ e P0R W) case of usual AWW=102 statistical un-

tooo [T dwe @t pn(R,w) certatinty in W_: Bayesian inference

incorporate prior information to regularize

3 | W well defined V(R) the inversion task (BR method)
X A if low lying Breit-
] Wigner present in .
= o %V”ssn loop = In case of small AW/W<10-3 statistical un-
I||| spectral function certatinty in W_ also Pade approximation
| |I )
w
A exploit the analyticity of the
: Wilson correlator to extract spectra
V(R) = wo(R) — iTo(R)
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r . Uni it
Latest results on the lattice potential LS of Stavanger

m| Lattices with dynamical u,d,s quarks
(HISQ action, HotQCD & TUMQCD)

A. Bazavov et.al. PRD97 (2018) 014510, HotQCD PRD90 (2014) 094503

= realistic m_~161MeV (T=151-1451MeV)

= fixed box (N,=48 - N,=12, N,=16) &
very high statistics 4000-9000 realizations

=/ Pade based extraction for Re[V] possible
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QUARKONIUM THEORY

Latest results on the lattice potential

m| Lattices with dynamical u,d,s quarks
(HISQ action, HotQCD & TUMQCD)

= realistic m_~161MeV (T=151-1451MeV)

= fixed box (N,=48 - N,=12, N,=16) &
very high statistics 4000-9000 realizations

=/ Pade based extraction for Re[V] possible

ALEXANDER ROTHKOPF - UIS

Re[V](r) [GeV] (shifted in y)

14

12

(IR
o

(o]

(o2}

N

N

0

™

T>0

HISQ N=2+1

(=€)}
T=151MeV (Nt=12
T=160MeV (Nt=12
T=173MeV (Nt=12
T=185MeV (Nt=12
T=199MeV (Nt=12
T=251MeV (Nt=12
T=273MeV (Nt=12
T=333MeV (Nt=12
T=305MeV (Nt=16
T=355MeV (Nt=16
T=499MeV (Nt=16
T=576MeV (Nt=16
T=870MeV (Nt=16
T=1248MeV (Nt=16
T|=1451MeIV Nt=16I

University
of Stavanger

¢34 b odmbkk T

0 02 04

2019 RHIC & AGS AUM Heavy Flavor Workshop — June 4th — BNL — USA

0.8 1 1.2

r [fm]

Smooth transition from Cornell @ T=0
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QUARKONIUM THEORY
: : Uni '
Latest results on the lattice potential LS of Stavanger

* E—I_
14 % -
m| Lattices with dynamical u,d,s quarks o 12 .
(HISQ action, HotQCD & TUMQCD) <
E 10 ]
e
= realistic m_~161MeV (T=151-1451MeV) % 8 FO o 7
| 3 Tota0Mev (Ni-13) e,
=| fixed box (N;=48 - N,=12, N.=16) & = 6 TEIENEY NC12 E -
. . . . . = T=199MeV (Nt=1
very high statistics 4000-9000 realizations S . y kggémgg Ni=12) HOH
= E - - i
. . o Tf333MeV Ntle HAH
= Pade based extraction for Re[V] possible Toasomey NTe) P
2l Hsone2e  FMevACE
T>0 T=870MeV (Nt=16
0.35 T T T T T T T T T 0 $§%421‘51§M2x mz%g E -
< T=151MeV HHT=173MeV H—T=198MeV H+- | ] ] | 1 ]
< 0.3 [T=160MeV H—T=185MeV i+ T 0 0.2 0.4 06 0.8 1 1.2 1.4
E 0.25 7] r [fm]
3 02
= »
g oP ®| Smooth transition from Cornell @ T=0
= 0.1
= >
= oos to Debye screened @ T>T-
0 ..
0 05 1 15 2 25 3 35 4 45 5 " Finite Im[V] above T, present

Ar [fm]
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University

An improved Gauss law approach LS of Stavanger

H| For use in phenomenology applications: analytic expression for Re[V] and Im[V]

r Strategy:

0,,0 and ¢ are vacuum prop.
and do not change with T
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University

An improved Gauss law approach LS of Stavanger
®| For use in phenomenology applications: analytic expression for Re[V] and Im[V]

Strategy:
""""" G.[V(R)] =V (ﬁR\CEf)) = —471g6B)(R) Zzg;g?}gtirﬁa\%%uyvzrhqop.
V(R) = agR?
Coulombic: a=-1 g=a; String-like: a=+1 g=0
V(Ve(R)) = —4masé(R) Y (ngR’>> — _4ro5(R)
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QUARKONIUM THEORY _ _
University

An improved Gauss law approach LS of Stavanger

H| For use in phenomenology applications: analytic expression for Re[V] and Im[V]

Strategy:
GIV(R)] = ¥ (ﬁl:\’\/agr If)) IS g;g 32?] gtirﬁa\r/%c;u\lljvzrhqop.
V(R) = agR?
Coulombic: a=-1 g=a; String-like: a=+1 g=0
V(Ve(R)) = —4masé(R) Y (ngR’>> — _4ro5(R)

®| Immerse non-perturbative charge in weak coupling HTL medium: permittivity €

2
V7e(p) = VY (p)/e(p) € H(pimp) = Er —inT P,
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University

An improved Gauss law approach LS of Stavanger

H| For use in phenomenology applications: analytic expression for Re[V] and Im[V]

Strategy:
GIV(R)] = ¥ (ﬁl:\’\/agr If)) IS Z;g :2?] gtirﬁa\r/]aéc;u\lljv?hqop.
V(R) = agR?
Coulombic: a=-1 g=a; String-like: a=+1 g=0
V(Ve(R)) = —4masé(R) Y (§§§R>> — _4ro5(R)

®| Immerse non-perturbative charge in weak coupling HTL medium: permittivity €

2
med vac —-1(z P : pm
V) =V (p)/elp) T Bimp) = e — T

G,[V™?(r)] = G, / Py (V7 (r — y)eL(y)) = drge (v, mp)
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An improved Gauss law approach LS of Stavanger
®| For use in phenomenology applications: analytic expression for Re[V] and Im[V]

Strategy:
""""" G.[V(R)] =V <§R\CE5)) = —471g6B)(R) Z;,gggigtirﬁa\r/%f;uyv?hqop.
V(R) = agR?
Coulombic: a=-1 g=a; String-like: a=+1 g=0
V(Ve(R)) = —4masé(R) Y (§ﬁ§R>> — _4ro5(R)

®| Immerse non-perturbative charge in weak coupling HTL medium: permittivity €

2
med vac —-1(z P : pm
V) =V (p)/elp) T Bimp) = e — T

G,[V™?(r)] = G, / Py (V7 (r — y)eL(y)) = drge (v, mp)

® 3 vacuum parameters and 1 temperature dependent mg fix both Re[V] and Im[V].
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QUARKONIUM THEORY ' _
Gauss-law solution to Re[V] & Im[V] LS of Stavanger

H| Gauss-Law result allows to fit Re[V] data even in the non-perturbative regime

ReV |GeV]

-
=
=l
[e=)
=X J
o
ot

‘ . 0.1 0.15 0.2 0.25
0p 0.5 1 1.5 T [GeV]
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QUARKONIUM THEORY ' _
Gauss-law solution to Re[V] & Im[V] LS of Stavanger

H| Gauss-Law result allows to fit Re[V] data even in the non-perturbative regime

ReV |GeV]

r [fm] 0 005 01 015 02 025
T [GeV]

148 MeV = 205 MeV 1 286 MeV
0.4 164 MeV —— 232 MeV

® mg defined from Re[V] allows to j|181 MeV ! 242 MeV o1

compute Gauss law prediction for Im[V]

0.3

0.2

0.1
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QUARKONIUM THEORY

Gauss-law solution to Re[V] & Im[V] LS of Stavanger

m| Gauss-Law result allows to fit Re[V] data even in the non-perturbative regime

ReV |GeV]

| r [fm] 0 005 01 015 02 025
0 0.5 1 1.5 T [GeV]

148 MeV = 205 MeV 1 286 MeV
0.4 164 MeV —— 232 MeV

® mg defined from Re[V] allows to j|181 MeV ! 242 MeV o1

compute Gauss law prediction for Im[V]

0.3

0.2

®| recently extend the Gauss law to model 01
quarkonium at finite velocity & pg
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QUARKONIUM THEORY . University
The open quantum systems picture {1 ofstavanger

H| Need a general approach to describe quarkonium coupled to a thermal medium

=/ Overall system is closed, hermitean Hamiltonian: von Neumann equation

dp :
H = HQQ R Imed + IQQ ® Hmed + Hint dt = —i[H, p]
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QUARKONIUM THEORY . University
The open quantum systems picture {1 ofstavanger

H| Need a general approach to describe quarkonium coupled to a thermal medium

=/ Overall system is closed, hermitean Hamiltonian: von Neumann equation

dp :
H = HQ@ ® Imed + IQQ ® Hmed + Hint P —i[H, p]

d —
=/ Dynamics of the reduced QQbar system: P3G = Tmed [P} % =7
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QUARKONIUM THEORY . University
The open quantum systems picture {1 ofstavanger

H| Need a general approach to describe quarkonium coupled to a thermal medium

=/ Overall system is closed, hermitean Hamiltonian: von Neumann equation

d :
H = HQQ ® Imed + IQQ ® Hmed + Hint E — —I[H, p]

d —
=/ Dynamics of the reduced QQbar system: P3G = Tmed [P} % =7

= Very versatile: time scale hierarchies allow to derive simplified description
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QUARKONIUM THEORY . University
The open quantum systems picture {1 ofstavanger

H| Need a general approach to describe quarkonium coupled to a thermal medium

=/ Overall system is closed, hermitean Hamiltonian: von Neumann equation

d :
H = HQQ ® Imed + IQQ ® Hmed + Hint E — —I[H, p]

d —
=/ Dynamics of the reduced QQbar system: P3G = Tmed [P} % =7

= Very versatile: time scale hierarchies allow to derive simplified description

®| Derivation via path integral formalism: Feynman-Vernon influence functional

x,y,X,Y o
p(t, x,y, X, Y) :/dXodyOC/Xod%P(O,Xo,yO,Xo,Yo) DIx, y, X, Y]eS&XI=iSY]

X0,¥0,X0,Y0
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QUARKONIUM THEORY . University
The open quantum systems picture {1 ofstavanger

®| Need a general approach to describe quarkonium coupled to a thermal medium

=/ Overall system is closed, hermitean Hamiltonian: von Neumann equation

dp :
H = HQ@®Imed+IQQ®Hmed+Hint dt = —i[H, o]
OmEre() ELT o7 (6]
d —
=/ Dynamics of the reduced QQbar system: P3G = Tmed [P} didele] =7

dt

= Very versatile: time scale hierarchies allow to derive simplified description

®| Derivation via path integral formalism: Feynman-Vernon influence functional

x,v,X,Y o
p(t, X,Y, X, Y) = / dXodyodXOdYop(O, X0, Y0, Xo, Yo) D[)_(, )7’ X1 Y]e’S[XvX]_’S[Y:Y]
x0,Y0,X0,Y0

pQ@(t,x,y) = /dXchS(X —Y)o(t,x,y,X,Y)
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QUARKONIUM THEORY ' _
The open quantum systems picture LS of Stavanger

®| Need a general approach to describe quarkonium coupled to a thermal medium

=/ Overall system is closed, hermitean Hamiltonian: von Neumann equation

d .
H = HQQ X Imed + IQQ 03¢ Hmed + Hint E — _’[Hv p]

m¢© Tr, ‘ V(r) + ? @

d —
=/ Dynamics of the reduced QQbar system: P3G = Tmed [P} % =7

= Very versatile: time scale hierarchies allow to derive simplified description

®| Derivation via path integral formalism: Feynman-Vernon influence functional

x,v,X,Y o
p(t,x,y, X,Y) :/dxodyodXOdYop(O,xo,yo,Xo,YO) DIz, 7, X, Y]e/SEXI=iS7.¥]
x0,Y0,X0,Yo
X,y . o o o
paa(t, X, y) = / dxodyopqa(0, X, y) D&, y]e'SeaX=iSealil+iSrvI%.J]
X0:1Y0
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QUARKONIUM THEORY . University
The open quantum systems picture {1 ofstavanger

®| Need a general approach to describe quarkonium coupled to a thermal medium

=/ Overall system is closed, hermitean Hamiltonian: von Neumann equation

d .
H = HQQ X Imed + IQQ 03¢ Hmed + Hint E — _’[Hv p]

m“@ Tr, o Col v+ @

d —
=/ Dynamics of the reduced QQbar system: P3G = Tmed [P} % =7

= Very versatile: time scale hierarchies allow to derive simplified description

®| Derivation via path integral formalism: Feynman-Vernon influence functional

x,y,X,Y o
p(t, x,y, X, Y) :/dXodyOC/Xod%P(O,Xo,yO,Xo,Yo) DIx, y, X, Y]eS&XI=iSY]

X0,¥0,X0,Y0

X,y
pqa(t. X, y) = / dxodyopeg(0.x,y) | DIx, yle'*eal=i%ealV]
X0, Y0 medium - QQ interaction
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QUARKONIUM THEORY _ _
The Lindblad equation LS of Stavanger

®| Use scale separation: mg > T heavy mass & weak coupling approximation
SFV ~ Spot [Re[V]] + S1"’Iuct [Im[V]] + Sdiss [Im[VH + SLB
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QUARKONIUM THEORY _ _
The Lindblad equation LS of Stavanger

®| Use scale separation: my > T heavy mass & weak coupling approximation
Sry ~ Spot [Re[VH + Stiuct [Im[V]] + Syiss [Im[VH + S8

= In QM language corresponds to Markovian evolution by Lindblad equation
d - Fo ey Loy L & ooy
—7Paa(t) = —i[Hog poa] + Z’Yi(LiPQoLi —5Likipog — §PQ©LiL;)
i=1
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QUARKONIUM THEORY _ _
The Lindblad equation LS of Stavanger

®| Use scale separation: my > T heavy mass & weak coupling approximation
SFV ~ Spot [RG[VH + Sfluct [Im[V]] + Sdiss [Im[VH + SLB

= In QM language corresponds to Markovian evolution by Lindblad equation

d : ~ ~ 1~ 4 1 A
—7Paa(t) = —i[Hog poa] + Z’Yi(LiPQQL,T — 5 Lillpqq — §PQ©LiL,T)
i=1

= At the moment model simply uses 0" order approximation Spotl Re[V]-1 Im[V] ]
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QUARKONIUM THEORY _ _
The Lindblad equation LS of Stavanger

®| Use scale separation: my > T heavy mass & weak coupling approximation
Sry ~ Spot [Re[V]] + Stiuct [Im[V]] + Syiss [Im[VH + S8

= In QM language corresponds to Markovian evolution by Lindblad equation

d . . -
—7Paa(t) = —i[Hoa: Poa) + Z’Yi(LiPQQL,T —5Likipog — §PQ©LiL,T)
i=1

= At the moment model simply uses 0" order approximation Spotl Re[V]-1 Im[V] ]

Perturbative

Y(1S) Lattice—vetted
4nn/s=2 (lattice—vetted)

0.2f Iy <05

Vsan =200 GeV

0 < pr <20 GeV

STAR Data

00

100 200 300 40
N, part
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QUARKONIUM THEORY _ _
University

The Lindblad equation 1) of Stavanger

®| Use scale separation: my > T heavy mass & weak coupling approximation
SFV ~ Spot [Re[V]] + Sf"luct [Im[V]] + Sdiss [Im[VH + SLB

= In QM language corresponds to Markovian evolution by Lindblad equation

d : ~ ~ 1~ 4 1 A
—7Paa(t) = —i[Hoa: Poa) + Z’Yi(LiPQQL,T — 5 Lillpqq — §PQ©LiL,T)

= At the moment model simply uses 0" order approximation Spotl Re[V]-1 Im[V] ]

Comparison to 1st order approximation
1 T T T T T T T T
1.0} ~
0.9
08 0.8 o
. Perturbative > 0.7 8 /Xw%
E ) *®
<06 2 :
é E 0.5 =
g RN
Z 0.4
04 + & N
[&} \,
Y(1S) Lattice—vetted 8 0.3 S
4nn/s=2 (lattice—vetted) = .
04l Iyl<05 0.2 | \a\ﬂ
VSNN = 200 GeV 01 | stochastic potential, lcorr = 0.48 fm —+— \‘E\‘\ﬁ\xg;\
0 < pr <20 GeV | stocnaeits Botencial, loorr - 0016 fm —— e
STAR Data o comp‘lex pote‘nti 1 l‘orr = 04‘16 fm ”“El»” )
0.0
100 200 300 40 ’ : ‘ ’ : ’ ° ! ’ ’

TIME [fm]

N, part
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QUARKONIUM THEORY _ _
Quantum state diffusion LS of Stavanger

®| Use scale separation: my > T heavy mass & weak coupling approximation
Sry ~ Spot [Re[VH + Stiuct [Im[V]] + Syiss [Im[VH + S8

= In QM language corresponds to Markovian evolution by Lindblad equation

d : ~ ~ 1~ 4 1 A
—7Paa(t) = —i[Hog poa] + Z’Yi(LiPQQL,T — 5 Lillpqq — §PQ©L:'L,T)
i=1

m| Actually: unravel into wavefunction stochastic dynamics: Quantum State Diffusion

D(E) : k Ls N ik T2 00 o
‘d¢> — ’1/1(1: + dt)> _ "l/J(t)> Lio= 5 [1 _41‘111'(513('1\[4‘]))]9 2@ 1)
2 LT Ln - LTLn _ D(E) _ i . l*‘ _5 e—ﬁ?-#2 o pa
= —iH[$(t))dt + Z ( < n>T¢ n ) [9(t))dt 2 [l AMT (zp”" *’H TP )
— \ — (L)) gLy N _—
D(k):g2T—2 D2 5 Mp =gT _C+_f
£ (Lo — (La)y) [¥(£))dén, G+ ) 5 6
n high temperature weak coupling parameters
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QUARKONIUM THEORY _ _
Quantum state diffusion LS of Stavanger

®| Use scale separation: my > T heavy mass & weak coupling approximation
Sry ~ Spot [Re[VH + Stiuct [Im[V]] + Syiss [Im[VH + S8

= In QM language corresponds to Markovian evolution by Lindblad equation

d | . -
—7Paa(t) = —i[Hog poa] + Z’Yi(LiPQQL,T —5Likipog — §PQ©L:'L,T)
i=1

m| Actually: unravel into wavefunction stochastic dynamics: Quantum State Diffusion

D(E) : k Ls N ik T2 00 o
‘d¢> — ’1/1(1: + dt)> _ "l/J(t)> Lio= 5 [1 _41‘111'(513('1\[4‘]))]9 2@ 1)
2 LT Ln - LTLn _ D(E) _ i . l*‘ _5 e—ﬁ?-#2 o pa
= —iH[$(t))dt + Z ( < n>T¢ n ) [9(t))dt 2 [l AMT (zp”" *’H TP )
— \ — (L)) gLy N _—
D(k):g2T—2 D2 5 Mp =gT _C+_f
£ (Lo — (La)y) [¥(£))dén, G+ ) 5 6
n high temperature weak coupling parameters

=! First “derivation” of phenomenological models based on nonlinear Schrédinger equation
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QUARKONIUM THEORY _ _
Quantum state diffusion LS of Stavanger

®| Use scale separation: my > T heavy mass & weak coupling approximation
Sry ~ Spot [Re[VH + Stiuct [Im[V]] + Syiss [Im[VH + S8

= In QM language corresponds to Markovian evolution by Lindblad equation

d | . -
—7Paa(t) = —i[Hog poa] + Z’Yi(LiPQQL,T —5Likipog — §PQ©LiL,T)
i=1

m| Actually: unravel into wavefunction stochastic dynamics: Quantum State Diffusion

D(E) : k Ls N ik T2 00 o
‘d¢> — ’1/}(1- + dt)> — "l/}(t» Ly, = 5 [1 —41‘11,'(5}—’('1\[-‘—}))]6 2@ 1)
2 LT Ln — LTLn _ D(E) _ i . l*‘ _5 e—if?--#2 o pa
= —iH[y(t))dt + Z ( | n>T¢ ! ) 1P(t))dt 3 | mapr (Few = p) [ @)
— \ — (L)) gLy N _—
D(k):g2T—2 D2 5 Mp =gT _C+_f
£ (Lo — (La)y) [¥(£))dén, G+ ) 5 6
n high temperature weak coupling parameters

=! First “derivation” of phenomenological models based on nonlinear Schrédinger equation

" First genuine Lindblad implementation: previous works could not maintain positivity of p
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QUARKONIUM THEORY _ _
Quantum state diffusion LS of Stavanger

®| Use scale separation: my > T heavy mass & weak coupling approximation
Sry ~ Spot [Re[VH + Stiuct [Im[V]] + Syiss [Im[VH + S8

= In QM language corresponds to Markovian evolution by Lindblad equation

Ni g
d . N N 1 N N 1 ~n ~n
—-Pqa(t) = —i[Hog Poa) + D ’Yi(LiPQQL,T — 5 Lillpqq — §PQ©LiL,T)
i=1

m| Actually: unravel into wavefunction stochastic dynamics: Quantum State Diffusion

0.6

Debye; with dissipasion, N{0)=1, No(Mt) — 1 , ‘ , ‘ , ‘
N (Mt) Debye: N(0)=1, T/M=D.

0.5 No(Mt) —s— | N (0)=1, T/M=0.
N1(0)=1, No(Mt) —
N{(Mt) —=—

04 | No(Mt) —e— |

0.3 ¢

N;j(Mt)
Ned;

02

0.1

TpM=0.002 —
0190 —
. . . , 012 01 -0.08 0.06 -0.04 002 0 002 004 006
0 1000 2000 3000 4000 5000 E;M
Mt

0.01

" Encouraging preliminary results: admixtures become independent of initial conditions

=| Distribution of states at late times agrees well with Boltzmann and yields consistent T
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QUARKONIUM THEORY

- Universi
COnC|USIOn LS ofStava;yger

Conceptual and technical progress in in-medium quarkonium theory

Recent and ongoing studies on quarkonium dynamical properties

=/ Control over systematics in direct spectral reconstructions in lattice NRQCD
= Pade based extraction of the in-medium heavy quark potential possible

= Improved analytic parametrization of V(R) using the generalized Gauss law

=/ First consistent Lindblad equation for in-medium heavy quarkonium

A lot of work remains to be done:

=/ Explore the initial stages of a HIC: formation dynamics of quarkonium

=/ Improve reconstruction of spectral functions: excited states physics
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QUARKONIUM THEORY _ _
. University
COnC|USIOn LI of Stavanger

®| Conceptual and technical progress in in-medium guarkonium theory

B Recent and ongoing studies on gquarkonium dynamical properties

= Control over systematics in direct spectral reconstructions in lattice NRQCD

= Pade based extraction of the in-medium heavy quark potential possible
=/ Improved analytic parametrization of V(R) using the generalized Gauss law
=/ First consistent Lindblad equation for in-medium heavy quarkonium

B A |ot of work remains to be done:

=/ Explore the initial stages of a HIC: formation dynamics of quarkonium

=/ Improve reconstruction of spectral functions: excited states physics

Thank you for your attention
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University
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Extracting the potential

®| Example: Pade based reconstructions at f=7.825 T=407MeV N, =12

i T T T
101 ' i i £ 4
\ A
10 HISQ B=7.825 N{=12

4 6 8

10

0 2
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QUARKONIUM THEORY

University

Extracting the potential 1) of Stavanger

Example: Pade based reconstructions at B=7.825 T=407MeV N.=12

1 T T — 0.4 T T T T T 7
100 B lattice FT FgH | ’ lattice FT H§H
i T T T 0.9 pade — 0.3 Pade =
=101 ' i N 08| HISQB=7.825 1
;: ; i i + 4 + 3 o7 L N=12 ) g
2 B = =
g 10 ’ i DFT & o6} 1 g
I— 3 (,:_rz: 05 L | 2
=10 HISQ B=7.825 N{=12 g L %
104 1 | | ] | 14 ’ 4 -
03} ,
0 2 4 6 8 10 o
0.2
0.1 ! : ! 15
-5 10 -5 0 5 10 15
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QUARKONIUM THEORY

Extracting the potential

University
of Stavanger

u

Example: Pade based reconstructions at B=7.825 T=407MeV N.=12

1 T T — 0.4 T T T T T 7
100 B lattice FT FgH | ’ lattice FT H§H
i ' T T T 0.9 B pade — 0.3 Pade =
i i + _08f HISQ B=7.825 4
Z 10 . i i i ¥ o+ o 3 o7p WV 1 2
o 2 e ® = =
g 10 i ﬁ DFT o o6 1 &
T T o5r 1 =
HISQ B=7.825 N =12 ! % oa | =
104 1 I L I | x ’ ) -
03 y
0 2 4 6 8 10 02 o
0.1 ! ' . 15

ALEXANDER ROTHKOPF - UIS

-15 -10 -5 0

plw) ~ ~=Tm[Rp, ()

o @ T>0 b=7.825

1000}
HISQ Pade
[ ]
10t "
3 ‘$‘\ e A >y
P = NN
g, 0.100} p NN
0.001} . §
1075 I
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QUARKONIUM THEORY

Extracting the potential

University
of Stavanger

u

®| Example: Pade based reconstructions at f=7.825 T=407MeV N, =12

100 i ' . | T
— -1 + R
;: 10 i i i i + + + 3
(o4 2 g ® =
g 10 I § §/DFT ¢
I— <
3 =
=10 HISQ B=7.825 N{=12 A B
104 1 I 1 1 1 4

0 2 4 6 8 10

= Always find well defined lowest peak:
potential picture appears viable

=i Beware of Pade artifacts besides peak:
e.g. positivity violation, spikes

ALEXANDER ROTHKOPF - UIS

1
0.9
0.8
0.7
0.6

Ne=12

HISQ B=7.825

04 T T T
0.3
0.2
0.1

0
0.1

~a r
-0.4 \V

T T .
lattice FT HgH
Pade = -

T T
lattice FT HFg
Pade — |

Im[WHISQ(r,iw)
/ T T T T

0.2
0.3

1000f

10p

|p72%(w)|

0.001}

0.100f

plw) ~ ~=Tm[Rp, ()

o @ T>0 b=7.825
HISQ Pade

1075

2019 RHIC & AGS AUM Heavy Flavor Workshop — June 4th — BNL — USA



QUARKONIUM THEORY _ _
Stochastic potential LS of Stavanger

®| Use scale separation: mg > T heavy mass & weak coupling approximation
SFV ~ Spot [Re[V]] + S1"’Iuct [Im[V]] + Sdiss [Im[VH + SLB
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QUARKONIUM THEORY _ _
Stochastic potential LS of Stavanger

®| Use scale separation: my > T heavy mass & weak coupling approximation
Sry ~ Spot [Re[VH + Stiuct [Im[V]] + Syiss [Im[VH + S8

®| |In QM language corresponds to Markovian evolution by Lindblad equation
d - Fo ey Loy L & ooy
—7Paa(t) = —i[Hog poa] + Z’Yi(LiPQoLi —5Likipog — §PQ©LiL;)
i=1

ALEXANDER ROTHKOPF - UIS 2019 RHIC & AGS AUM Heavy Flavor Workshop — June 4th — BNL — USA



QUARKONIUM THEORY _ _
Stochastic potential LS of Stavanger

®| Use scale separation: my > T heavy mass & weak coupling approximation
SFV ~ Spot [RG[VH + Sfluct [Im[V]] + Sdiss [Im[VH + SLB

®| |In QM language corresponds to Markovian evolution by Lindblad equation

d . ~ o 1aa 1 A
—7Paa(t) = —i[Hog poa] + Z’Yi(LiPQQL,T — 5 Lillpqq — §PQ©LiL,T)
i=1
® L, LTcan be expressed in terms of Re[V] and Im[V] but e.0.m cannot be unravelled
into a simple deterministic Schrédinger equation for Yqq
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QUARKONIUM THEORY ' .
Stochastic potential LS of Stavanger

u| Use scale separation: mg > T heavy mass & weak coupling approximation

A

SFv &

®| In QM language co

d : ~ ~ 1~ 4 1 A
—7Paa(t) = —i[Hoa. Poa] + Z’Yi(LiPQQL,T — 5 Lillpqq — §PQ©LiL,T)

® L, LTcan be expressed in terms of Re[V] and Im[V] but e.0.m cannot be unravelled
into a simple deterministic Schrédinger equation for Yqq

®| Naive Schroedinger vs. 1st order gradient exp.
v2
5(t) = —— + RelV t 5(0
Yaalt) = exp| —77 + RelV]+ () | #oa(0)

an'uct

Spot
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QUARKONIUM THEORY ' .
Stochastic potential LS of Stavanger

u| Use scale separation: mg > T heavy mass & weak coupling approximation

A

SFv &

®| In QM language co

d : ~ ~ 1~ 4 1 A
—7Paa(t) = —i[Hoa. Poa] + Z’Yi(LiPQQL,T — 5 Lillpqq — §PQ©LiL,T)

® L, LTcan be expressed in terms of Re[V] and Im[V] but e.0.m cannot be unravelled
into a simple deterministic Schrédinger equation for Yqq

®| Naive Schroedinger vs. 1st order gradient exp.
Vao(t) = exp| — + RelV] + n(2) | #aa(0)
QQ\t) = €xp M | Y [¥aQ

an'uct

Spot
2

0. (ao(t) = ( — 7 + RelV] — ilTm{VI|) (Ya (1)
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QUARKONIUM THEORY

Stochastic potential

University
of Stavanger

™

u| Use scale separation: mg > T heavy mass & weak coupling approximation

A
Y

Srv

In QM language co

d :
—,qa(t) = —i[Hoa: Poq]
® L, LTcan be expressed in terms of Re[V] and Im[V] but e.0.m cannot be unravelled
into a simple deterministic Schrédinger equation for Yqq

GS survival probability

®| Naive Schroedinger vs. 1st order gradient exp.

Yoolt) = exp[—vm + Re[V] + @}'QDQQ(O)

1
9t
8

Spot
2

an'uct

iat<1/’Q@(t)>

ALEXANDER ROTHKOPF - UIS

M

+ Re[V] = ilIm{V]|) (oo(t))

0.1 F

0

0
0
0
0
& 0.5 F
0
0.
0.

5
4+
2

4
4

\\\\\\\\\

fffffffff

stochastic potential, lcorr =
complex potential, lcorr =
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QUARKONIUM THEORY ' .
Stochastic potential LS of Stavanger

u| Use scale separation: mg > T heavy mass & weak coupling approximation

A

SFv &

= In QM language co evolution by Lindblad equation
d ST PO 1 2
—7Paa(t) = —i[Hoa. Poa] + ;’Yi(LiPQQLi —5Likipog — §PQ©LiL;)
® L, LTcan be expressed in terms of Re[V] and Im[V] but e.0.m cannot be unravelled
into a simple deterministic Schrédinger equation for Yqq
®| Naive Schroedinger vs. 1st order gradient exp. ., ©S survival probability
V2
Yoa(t) = exp| == + RelVI+n(t) [9oa(0) | ™
1 I —— o rsl\ / R
Spot Sfluct S ot \ o
_ v2 ' E |
i0: ($oa(t)) = (= = + RelV] = ilImlV][) (Woa(t)) |
. Appllcable at early times but incapable of :j :stogg;;g potentials 100 2 548 gglﬂﬂ \\\\\ o
thermalizing the heavy quark pair. L o RSl R S 9
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